Abstract: Sediment cores from nine different lakes in the Tatra Mountains, collected as part of the EU funded AL:PE, MOLAR and EMERGE projects investigating natural environmental records stored in remote mountain lake sediment sequences, were dated radiometrically by 210 Pb and 137 Cs. At five sites, D lugi Staw Gasienicowy and Zielony Staw Gasienicowy on the Polish side of the Tatra Mountains and Starolesnianske pleso, Nižné Terianske pleso, and Ľadové pleso on the Slovak side of the Tatra Mountains, the cores were sectioned at close intervals and analysed in detail to produce a high resolution chronology. For the remaining four sites, Zmarzly Staw Gasienicowy (Poland), and Veľké Hincovo pleso, Vyšné Temnosmrečinské pleso, Vyšné Wahlenbergovo pleso (Slovakia), it was sufficient to establish a low resolution sketch chronology and only a few samples were analysed from each core. At Ľadové pleso, multiple cores were collected in order to establish spatial distribution of sediments over the bed of the lake. Cores from all sites had good records of the fallout radionuclides from which it was possible to construct reliable chronologies of the recent sediments.
Introduction
The main objectives of the recent AL:PE, MOLAR and EMERGE projects (Wathne et al., 1995; Battarbee et al., 2002 ; http://www.mountain-lakes.org/) were to assess the status of remote mountain lake ecosystems throughout Europe, and make use of their value as sensitive environmental indicators to determine the speed, direction and biological impact of changing air quality and climate. Throughout all three projects, palaeolimnological techniques were widely employed to recover historical environmental data from the high quality records commonly found in lake sediment cores from such relatively remote and undisturbed ecosystems. In carrying out this task it was essential to determine a reliable chronology spanning at least the past century. The principal method used for dating the cores was 210 Pb supported by chronostratigraphic dates based on records of the artificial radionuclides 137 Cs and 241 Am. Following the introduction of the technique by Goldberg (1963) and Krishnaswami et al. (1971) , 210 Pb has become established as one of the standard tools for dating lake sediments spanning the past 100-150 years. The method is unequivocal at sites where sediment accumulation rates have remained relatively uniform. At such sites concentrations of the unsupported (atmospherically supplied) component of total 210 Pb activity decline exponentially with depth at a rate that is inversely proportional to the sedimentation rate. However, at sites impacted by natural and/or anthropogenic environmental change, sedimentation rates may well have varied during this period, causing the unsupported 210 Pb concentration versus depth profile to deviate significantly from a simple exponential relationship. Different models have been developed to account for such deviations (Appleby & Oldfield, 1978; Robbins, 1978) and the accuracy of 210 Pb dates in a particular application will depend on the validity of the model used. This is usually done by reference to independent records of artificial fallout radionuclides such as 137 Cs (Pennington et al., 1973) and 241 Am (Appleby et al., 1991) from the atmospheric testing of nuclear weapons or the 1986 Chernobyl reactor accident. A number of techniques for assessing 210 Pb data and calculating a best chronology are given in the literature (e.g., Appleby & Oldfield, 1983; Oldfield & Appleby, 1984; Appleby, 2001) . One of the key aspects of the 210 Pb dating methodology is an assessment of the dominant processes by which fallout is delivered to the core site. A potential problem in dating mountain lakes is the possible impact of seasonal effects on the uniformity of supply rates. During winter the water column is isolated from the natural atmospheric 210 Pb flux. Fallout onto the lake and its catchment during this period is locked up in snow and ice and released only at the time of the spring thaw (Piliposian & Appleby, 2003) . Problems can also be caused by post-depositional redistribution of 210 Pb over the bed of the lake by sediment focussing or slump events. The main objective of this paper is to present a sediment chronology for each core from the study sites that takes account of the possible impact that such processes may have had on the sediment record.
Study sites
The study sites were situated at altitudes ranging from 1672-2145 m a.s.l. within a 10 km × 10 km region of the Tatra Mountains (Mts) bordering Poland and Slovakia ranging from 49
• 10 -49 • 14 N and 20
• 0 -20
• 10 E (Fig. 1 ). Catchments were all above the local tree-line and composed mainly of stone or gravel with very little vegetation. The lake areas were all quite small (less than 5 ha) apart from Veľké Hincovo pleso, which had an area of 18.2 ha. Mean annual precipitation ranged from 1100-1430 mm y −1 . The main physiographic parameters for each site are given in Table 1 .
Methods
Sediment cores were collected each site using the methods outlined in WATHNE et al. (1995) . A list of the cores and the dates of collection is given in Table 2 . Those designated as master cores or gradient cores intended primarily for historical reconstructions were sectioned more finely at intervals ranging from 0.25 cm near the top of the core to 1 cm in the deeper sections. Those (from Ľadové pleso) designated as bulk cores and intended primarily for studying the spatial distribution over the bed of the lake were sectioned more coarsely, at intervals ranging from 2 cm near the top of the core to 3 cm in the deeper sections. Sub-samples of dried Am by direct gamma assay using Ortec HPGe GWL series well-type coaxial low background intrinsic germanium detectors (AP-PLEBY et al., 1986) .
210 Pb was determined via its gamma emissions at 46.5 keV, and 226 Ra by the 295 keV and 352 keV γ-rays emitted by its daughter isotope 214 Pb following 3 weeks storage in sealed containers to allow radioactive equilibration.
137 Cs and 241 Am were measured by their emissions at 662 keV and 59.5 keV, respectively. The absolute efficiencies of the detectors were determined using calibrated sources and sediment samples of known activity. Corrections to these efficiencies were made for the effects of self-absorption of low energy γ-rays within the sample and different sample heights (APPLEBY et al., 1992; APPLEBY & PILIPOSIAN, 2004 icantly lower than the estimated atmospheric flux in this region of between 200-220 Bq m −2 y −1 (Plöger, 2005) , suggesting that a significant fraction of the fallout 210 Pb is lost from the lakes, possibly during the spring thaw. The mean is also significantly lower than the fallout value determined from soil cores at Ľadové pleso of 7149 Bq m −2 (Plöger, 2005) . At most sites the 137 Cs/ 210 Pb inventory ratio is though similar to that in direct fallout, suggesting that 137 Cs losses are comparable to those of 210 Pb. The high inventories (and fluxes) in Zielony Staw Gasienicowy and Veľké Hincovo pleso are almost certainly due to sediment focussing at the core sites.
The significantly higher
137 Cs/ 210 Pb ratios at Starolesnianske pleso and Zmarzly Staw Gasienicowy can be attributed to higher Chernobyl fallout at these sites. The high surficial 210 Pb activities (excluding the bulk cores because of their coarse sectioning) show that all of these lakes have relatively low primary sedimentation rates. Higher net sedimentation rates at individual core sites will most probably be due to processes such as sediment focussing or slumping.
Master cores
In the master cores where the 210 Pb records were determined in detail, the depths at which total 210 Pb ac- (Fig. 2) decline in a step-wise manner, with simple exponential sections recording periods of uniform sedimentation separated by irregular features that probably record episodes of rapid sedimentation due e.g. to land-slips from adjacent slopes or sediment slumps. The very low activity in the surficial sediments of the Ľadové pleso master core (Fig. 2B ) are presumably due a slide of inorganic material from the catchment that has not recently been exposed to atmospheric fallout. Figure 3 plots the records of fallout 137 Cs in each of the master cores. Only the Zielony Staw Gasienicowy core (Fig. 3A) has two distinct peaks (at depths of ∼2 cm and 8.5 cm) that can be clearly identified as records of the 1986 Chernobyl accident and the 1963 fallout maxima from atmospheric testing of nuclear weapons. High 137 Cs concentrations in the near surface sediments of the other cores are attributable to Cher- nobyl fallout. Since in all these cases the 1963 depth occurs at no more than 3 cm, the earlier (weapons fallout) peak has presumably been masked by downward migration of Chernobyl 137 Cs. In Ľadové pleso, Starolesnianske pleso and Nižné Terianske pleso, the approximate 1963 depth was however independently determined by the presence of traces of 241 Am, also a product of weapons test fallout (Appleby et al., 1991) .
The radiometric records for the master cores are given in full in Tables A1-A6 in the Appendix to this paper.
Radiometric dates and sedimentation rates for each core were calculated using the methods described in Appleby (2001) . Sedimentation rates versus time since the mid-19 th century, plotted in Fig. 4 , suggest that at most sites there is a very low but relatively uniform base-line sedimentation rate of less than 0.01 g cm
y −1 , punctuated by occasional episodes of more rapid accumulation due to land slips from the catchment or sediment slumps within the lake.
Zielony Staw Gasienicowy
Although 210 Pb/ 226 Ra equilibrium in this core is apparently reached at a depth of about 14 cm, the rapid decline in unsupported 210 Pb activity below 11 cm ( Fig. 2A) occurs just above a layer of dense sediment extending from 13-18 cm, probably caused by a specific event such as a large land-slip that may have destroyed the early part of the 210 Pb record. This is supported by the fact that the raw CRS model 210 Pb date of the weapons test fallout 137 Cs peak at 8.5 cm depth (Fig. 3A) is significantly earlier than its known date of 1963. Revised 210 Pb dates calculated using the 1963 peak as a reference point are in good agreement with both 137 Cs dates. The results, given in Table 4 , date the hiatus in the 210 Pb record caused by the dense layer between 13-18 cm to the period [1945] [1946] [1947] [1948] [1949] [1950] . The presence of a second dense layer between 20-27 cm suggests that this particular core site is prone to disruption by episodic land-slips. Although sediments below ca. 12 cm cannot be dated by 210 Pb, the presence of traces of unsupported 210 Pb in the intervenRadiometric dating of sediments from mountain lakes ing layer of apparently normal sediment at 18-19 cm suggests that these events are relatively recent. Since the early 1950s sedimentation rates do however appear to have been relatively uniform, though with a mean value of 0.042 ± 0.005 g cm −2 y −1 (0.27 cm y −1 ) that is significantly higher than at the other sites shown in Fig. 4 .
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D lugi Staw Gasienicowy
The 210 Pb dates for this core are relatively unambiguous. Apart from a brief episode of apparently rapid accumulation ca. 1870, sedimentation rates appear to have been relatively uniform since the early 19 th century, with a mean value of 0.0062 ± 0.0003 g cm Ľadové pleso 210 Pb dates calculated using the CRS model place 1986 at a depth of between 1.25-1.5 cm and are consistent with the 137 Cs record (Fig. 3B ) which has a sub-surface peak in this section recording fallout from the Chernobyl accident. The 210 Pb dates also place 1963 at a depth of 3 cm. Although this is to some extent supported by the presence of traces of 241 Am between 0.75-3.5 cm, the lack of precision in the 241 Am record does not allow its use in making any correction to the 210 Pb dates. The 210 Pb chronology, given in detail in Table 6 , suggests a background sedimentation rate of between 0.0055-0.0081 g cm −2 y −1 (0.048-0.075 cm y −1 ), interrupted by occasional brief episodes of more rapid accumulation most probably caused by land-slips or sediment slumps. The most significant of these events appear to have occurred in the late 19 th century, in the early 1950s, and again during the past year or so. The net effect of these events has been to increase the mean sedimentation rate since the mid 19 th century to 0.012 g cm −2 y −1 (0.094 cm y −1 ).
Starolesnianske pleso 210 Pb dates calculated using the CRS model place 1986 at a depth of between 1-1.25 cm, and 1963 between 2.5-2.75 cm. Although the 137 Cs record (Fig. 3B) does not have distinct sub-surface peaks that accurately validate these dates, the very high 137 Cs activities between 0.5-1.75 cm are consistent with the inference that these sediments record fallout from the 1986 Chernobyl accident. Further, traces of 241 Am between 1.5-2.75 cm show that sediments from these depths contain fallout from the atmospheric testing of nuclear weapons in the 1960s. The detailed results (Tab. 7) show that sedimentation rates were fairly uniform from the mid 19 th century through to the early 1950s with a mean value during this period of 0.0047 ± 0.0003 g cm −2 y −1 (0.039 cm y −1 ), since when there has been a moderate but significant acceleration to a contemporary value of nearly 0.01 g cm −2 y −1 (0.18 cm y −1 ). y −1 , but with a major episode of accelerated sedimentation during the period 1920-1930 that appears to be associated with a layer of dense sediment between 3-4.5 cm depth in the 1993 core and 1.4-4 cm in the 1996 core. The very low sedimentation rate in recent decades (in both cores 1986 is placed at around 0.5 cm and 1963 between 1.1-1.7 cm) is supported by the fact that the very high 137 Cs concentrations recording Chernobyl fallout were confined to the upper 1 cm of the core, and weapons fallout 241 Am to between 0.2-1.5 cm.
210 Pb dates for the 1993 core are given in Table 8 . The corresponding results for the 1996 core have been given in detail in Appleby (2000) and Šporka et al. (2002) .
Gradient cores
These cores, part of the EMERGE work package studying environmental gradients, were analysed in much less detail (4-5 sections per core). Although it was thus not possible to determine detailed chronologies for these cores, mean sedimentation rates could be calculated using the CF:CS model in which exponential regression curves are fitted to the unsupported 210 Pb profiles. The results obtained by this method were comparable to those for the master cores, ranging from 0.0057 g cm 
Bulk cores
These cores (from Ľadové pleso) were part of a study analysing the spatial variation of sediment records within a lake (Plöger, 2005) . They too were analysed in much less detail (5 samples per core), though since entire inventories were determined they could be dated in the usual way. Mean sedimentation rates (also given in Tab. 9) varied by a factor of three, from 0.0084-0.026 g cm −2 y −1 . Because of the substantial variations in dry bulk density, the pattern of volumetric sedimentation rates (in cm y −1 ) was quite different to that of dry mass sedimentation rates (in g cm −2 y −1 ).
Conclusions
The results presented in this paper show that sediments from the study sites generally retain relatively good records of the fallout radionuclides 210 Pb and 137 Cs, and that these radionuclides can be used to determine reliable dates for the environmental records preserved in these natural archives. As might be expected in such remote, undisturbed sites, sedimentation rates were low, and generally fairly uniform apart from occasional episodes of rapid sedimentation due presumably to land-slips from adjacent steep slopes, or sediment slumps from the margins of the lake. In one case (Zielony Staw Gasienicowy) such an event appears to have destroyed a significant part of the pre-1950 record. In another (Nižné Terianske pleso), where there was a very low back-ground sedimentation rate, it caused a major distortion of the sediment record. The similarity in the radiometric profiles from the 1993 and 1996 cores shows that records from this site are nonetheless still reliable. The gradient cores show that where detailed chronologies are not required, 'sketch' profiles based of a relatively small number of measurements can still provide useful information on the mean sedRadiometric dating of sediments from mountain lakes S61 imentation rate. The study of the spatial distribution of sediment records in Ľadové pleso using bulk cores from different parts of the lake show that radionuclide inventories and sedimentation rates may vary significantly over even quite small areas of the lake, and that records from non-dated cores will be reliable only if clear correlations can be obtained with dated cores.
At most of the study sites there were significant discrepancies between the atmospheric fluxes of fallout radionuclides and their supply rates to the lake sediments. The reasons for these discrepancies are not clear, but are presumably related to the fact that much of the fallout occurs during the winter as snow when it is liable to substantial redistribution by the strong winds experienced in these environments. Further, the fraction retained in the surface ice is released quite rapidly during the spring thaw and in some cases may not be retained in the water column. In spite of these problems, dating by 210 Pb appears to be quite reliable, suggesting that the impact of these processes is relatively constant from year to year. However, since all atmospherically supplied substances will be similarly affected, these processes must be taken into account when using the sediment records to reconstruct histories of atmospheric pollution. 
